Abstract-High-speed, fully superconducting electric rotating machines are highly sought for naval and aerospace applications, to provide significantly higher power density than can be achieved by other means. We examined the use of an MgB 2 -based, two-stage, cabled conductor for the armature winding of a medium power (10-15 MW) electric generator, operating near 20 K at a nominal peak phase current of 2 kA. We chose MgB 2 because it is electromagnetically isotropic and can be manufactured as round, multifilamentary strands. This paper describes the proposed conductor and presents our prototype manufacturing efforts. Prototype cables were fabricated using fine filament (15-µm filament diameter) strand manufactured by Hyper Tech Research. AC losses in MgB 2 triplet bundles were measured at 20 K using a calorimetric technique. We present measured AC loss data for the MgB 2 triplets and evaluate those losses in relation to the strand composition and strand and cable configurations.
I. INTRODUCTION
T HE performance characteristics of commercial high temperature superconductors (HTS) have markedly improved during the past 20 years. The prospect of high current density operation at moderate cryogenic temperatures has inspired renewed interest in superconducting rotating electric machinery aimed at significantly increasing gravimetric and volumetric power density for naval and aerospace applications [1] - [4] . Cryogenic efficiencies for HTS machines operating at temperatures between 20 K and 50 K are at least five times higher than could be achieved for the liquid helium cooled, low temperature superconducting machines developed during the 1980s [5] - [7] . Low to moderate AC loss wires, namely Manuscript received September 5, 2016 ; accepted January 13, 2017. Date of publication January 25, 2017; date of current version March 8, 2017 . This work was supported in part by the U.S. Office of Naval Research under Contract N00014-14-1-0272. The AC loss measurement facility is a result of support from the U.S. Office of Naval Research, the U.S. Department of Energy and the National Aeronautics and Space Administration. P. C. Michael and L. Bromberg are with the MIT Plasma Science and Fusion Center, Cambridge, MA 02139 USA (e-mail: michael@psfc.mit.edu; brom@psfc.mit.edu).
J. Kvitkovic fine filament MgB 2 strands and striated coated conductors, are under development for use in fully-superconducting HTS machines [8] , [9] .
During the past few years we have analytically investigated the effect of machine topology and cooling configuration on the performance of high-speed, fully-superconducting HTS rotating machines [10] - [12] . Our investigation emphasized turbogenerators operating at 7000 rpm, with power output in the range of 10-15 MW. The miniature, MgB 2 -based, cable-in-conduit conductor (CICC) described in this paper was developed for use in the armature windings. The peak phase current in our armature windings was generally set to 2 kA to keep the output voltage below 10 kV while limiting the cryogenic heat load from the resistive portion of the current leads to below 250 W.
Miniature CICCs are not unique to our program. They have been previously proposed for fast-ramped particle accelerators, where operating current is fairly low, but anticipated AC loss per conductor length is high [13] , [14] . The miniature CICC in [13] was based on Bi-2212 strand, while that in [14] used NbTi strand. The miniature CICC configuration provides distributed structure, large wetted perimeter per strand volume, good contact between strand and coolant, and complete transposition, resulting in generally uniform current distribution among strands.
The second section of the paper describes our CICC design approach. The third section presents our prototype conductor development activities, while the fourth section presents results from AC loss measurements performed on MgB 2 triplets in the helium gas flow calorimeter at the Center for Advanced Power Systems (CAPS) at the Florida State University.
II. MINIATURE CABLE-IN-CONDUIT CONDUCTOR
Our CICC configuration was designed iteratively for each machine topology. The total strand area was determined from the peak magnetic flux density at the conductor, critical current density vs. magnetic flux density values from [15] , a filament area fraction of ∼15%, and a peak phase current equal to 60% of critical. The cooling design assumed inlet flow at 20 K, using 20 atm helium gas, with 0.5 atm pressure drop and 3 K temperature rise along the 15-20 m conductor length needed for each stator winding [10] . The required mass flow rate, and hence cooling tube diameter was set by the anticipated AC loss heat load along the conductor length, which was calculated based on magnetization hysteresis, coupling current, and transport current losses in the superconductor strands [16] , [17] . The computed 1051-8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. AC loss typically ranged from 2 W/m to 4 W/m for most of the designs examined. Eddy current losses in the cooling tube and jacket were neglected during these machine topology studies. Fig. 1 shows the cross-section of the final iteration CICC evaluated during our study, while Table I lists conductor parameters. The conductor in Fig. 1 was developed for a Gramme ring stator design, and is based on a 300 m length of unreacted, tightly twisted, fine filament strand manufactured by Hyper Tech Research of Columbus, OH. Parameters for this strand are summarized in Table II . The strand was manufactured using powderin-tube (Type 1) processing technology. The CICC contains a central stainless steel cooling tube, surrounded by eighteen MgB 2 triplets, enclosed in an outer stainless steel jacket. Fig. 2 . Image of the prototype cable-in-conduit conductor, made using 0.31-mm diameter stainless steel wire as a surrogate for our MgB 2 strand. One end of the cable was left partially exposed to show the cabling pattern.
III. PROTOTYPE SAMPLE FABRICATION
We initially planned to use the MgB 2 strand procured from Hyper Tech to fabricate a 1 m long piece of the CICC shown in Fig. 1 . There were two goals to this activity. One was to demonstrate feasibility of the manufacturing process, while the second was to characterize the AC loss performance of the conductor to benchmark our design codes. Unreacted strand was chosen to permit fabrication of the CICC's two stage cable prior to reaction. The amplitude of magnetic flux density variation at the stator conductor in our optimized Gramme ring configuration were as low as 0.1 T, which significantly reduces the anticipated AC loss per conductor length as well as the required cooling tube diameter.
Our CICC fabrication effort began using surrogate, 0.31 mm diameter stainless steel wire to verify manufacturing procedures prior to working with the MgB 2 strand. The specific combination of cooling tube dimensions, numbers of triplets, and jacket dimensions for the prototype CICC was determined based on compaction trials performed using several candidate jacket specimens. The compacted dimensions of empty jacket sections yield nearly the same result as compaction on a finished CICC. The compaction trials were performed using a commercial swaging machine at Supercon, Inc., of Shrewsbury, MA. For this size conductor, the inner diameter (ID) of the uncompacted jacket should be at least 0.5 mm larger than the outer diameter of the uncompacted cable to permit the cable and cooling tube to be easily pulled into the jacket. The compaction trials were needed to determine a suitable combination of swaging die size and uncompacted jacket dimensions to bring the jacket ID to its desired value following compaction. The 1 st stage triplets for the prototype sample were twisted using a six-spool planetary cabling machine in our laboratory. The 2 nd stage was cabled by hand using a 6 mm thick by 50 mm diameter Delrin cabling die, equipped with a 3.58 mm diameter center hole to provide a light slip fit over the cooling tube, and eighteen 0.79 mm diameter holes equally spaced on a 4.5 mm radius about the center of the die. The 2 nd stage cable pitch was controlled using an index mark on the die combine with a scale mounted next to the cooling tube to synchronize the combined rotation and translation of the die along the tube axis. Fig. 2 shows an image of the stainless steel prototype following jacket compaction.
It was not until we started the prototype cable fabrication that we performed a full AC loss simulation for our CICC. Fig. 3 shows the anticipated AC loss vs. frequency for our CICC subject to a sinusoidal background magnetic flux density with 0.1 T amplitude. The simulation included losses due to Fig. 3 . Estimated ac loss power per unit length versus excitation frequency for the miniature CICC described in Table II at 0.1-T amplitude sinusoidal magnetic flux density. magnetization hysteresis, strand coupling and eddy currents induced in both the cooling tube and jacket [18] . Contrary to our initial expectation, eddy current losses in the jacket are not negligible, by 200 Hz frequency they contribute close to half of the total anticipated AC loss in the CICC.
Based on these calculations, we decided to redesign our AC loss sample using only 1 st stage MgB 2 triplets. This does not imply that we abandoned the CICC configuration altogether. Rather, we believe that a CICC configuration is still viable, but that it requires the use of a dielectric jacket, such as glass wrap, followed by epoxy impregnation following the reaction heat treatment cycle, to limit total AC loss in the stator winding.
IV. AC LOSS MEASUREMENTS

A. MgB 2 Triplet Fabrication
MgB 2 triplets for the AC loss measurements were twisted using our six-spool planetary cabling machine. The strands were lightly coated with Mobil 1 oil during cabling to limit coupling losses between stands in the reacted cable. During the heat treatment reaction, the oil burns away leaving a high resistance coating that effectively limits the magnitude of strand-to-strand coupling currents [19] . Four-lead measurements performed in liquid helium on reacted triplets showed a nominal strand to strand contact resistance per unit length between 1.3 mΩ-m and 2.4 mΩ-m, confirming the effectiveness of this approach.
Several steps were taken to minimize Mg leakage from the filaments during the heat treatment [20] . First, the unreacted triplets were cut into 3 m lengths and inserted into a set of ten, 230 mm long, 1 mm ID by 2 mm OD quartz tubes. The quartz tubes set the shapes of the reacted samples as near to straight as possible and prevent damage to the strain sensitive MgB 2 filament when the samples are removed from the reaction furnace. Each triplet was then folded in accordion fashion to bring the quartz tubes parallel to each other, so that all samples could be placed near the center of the furnace, leaving ∼0.5 m long tails protruding into the low temperature end of the furnace; this keeps the strand ends well below the filament melting temperature. Finally, as recommended by Hyper Tech, the final 8-12 mm of each strand was crimped flat as an added precaution. The MgB 2 triplets were heat treated in two batches of fifty to minimize risk due to errors in controller programming. Each heat treatment batch also contained six single strand MgB 2 "witness" samples to gauge the quality of reaction. Fig. 4 shows a set of fifty MgB 2 triplets and six, single strand witness samples, in quartz tubes, stacked on a fixture in preparation for installation in our reaction furnace. The triplets and single strand samples were reacted in Ar gas environment using a 500°C/h upramp to 650°C, a 1 h hold at 650°C, and -100°C/h rampdown at the furnace's natural cooling rate [20] . Fig. 5 compares the measured critical current (I c ) vs magnetic induction (B) at 4.2 K for our strand witness samples with that for Hyper Tech's quality assurance sample; the variation between samples is within accepted variation along the strand length [20] . Extrapolation of the I c vs. B curves for our witness samples yields an average, zero field critical current of 298 A. Previous results show a factor of two decrease in critical current as the temperature is increased from 4.2 K to 20 K [16] . Thus, the estimated 20 K, zero field critical current density of 1.6x10 10 A/m 2 listed in Table II was obtained by applying this ratio to the measured 4.2 K critical current and dividing by the total filament area in each strand. The estimated filament critical current density in Table II is approximately twice the value that we had assumed from the outset of the program; that is, the cable in Fig. 1 could have easily been made using half the number of strands. Following reaction, ninety of the triplets were carefully separated from one another, removed from their protective quartz tubes, trimmed to 200 mm length and mounted to the outer surface of a 50 mm diameter by 203 mm long G-10 tube, as shown in Fig. 6 . The ends and center of each triplet were adhered to the G-10 cylinder using GE varnish, while intermediate locations along the sample were secured using dental floss.
B. Helium Gas Flow Calorimetry
The sample in Fig. 6 was used for AC loss measurements in the helium gas flow calorimeter located at the Center for Advanced Power Systems [21] . The loss measurements were performed at a nominal temperature of 20 K. The calorimeter's experiment module contains two sets of liquid-nitrogen-cooled, cosine 2-theta, copper dipole magnets to produce a variable frequency AC magnetic field at the sample. The background field magnets are arranged to produce orthogonal field components at the sample location. The phase angle between field components can be varied to produce purely oscillating, purely rotating or any intermediate field combination in between. The measurements were performed without transport current in the sample. Fig. 7 shows the measured AC loss power at 20 K vs. the amplitude of applied magnetic flux density, at frequencies of 50 Hz, 110 Hz, and 300 Hz. For this set of measurements, the background field magnets were operated in-phase, producing a net oscillating field at the sample. Fig. 7 also shows the computed AC loss power under the same conditions, assuming magnetization hysteresis loss in the filaments, coupling current loss between the filaments in each strand, and coupling current loss between the strands in each triplet.
The measured AC loss power in Fig. 7 is roughly an order of magnitude larger than expected. We do not have a definitive explanation for the discrepancy. During the course of the measurements, we did notice some unanticipated loss in the sample holder. The sample holder losses were measured separately and subtracted from the results shown in Fig. 7 . Also, an additional set of measurements was performed using pure copper wires over a similar range of magnetic field amplitude and frequency and the results agree to within 20% of the expected eddy current loss, confirming the validity of the calorimetric measurement technique.
HyperTech acknowledges that they are aware of magnetic impurities in their CuNi matrix strands and are working to remove these [20] . These matrix losses generally saturate at low amplitudes and may be responsible for the horizontal tail seen in the 300 Hz measurements. The overlap between the 110 Hz and 300 Hz measurements should provide some clue to the underlying mechanism. For instance, the calculations and measurements can be almost completely reconciled if we assume a matrix resistivity in the filament region on order of 2 × 10 -10 Ω-m, which might be possible if high purity niobium were used for the filament bundles. Verification of this hypothesis would require us to extract filament barriers from the strand for independent verification of their cryogenic resistivity. It is also possible that our sample preparation technique did not guarantee complete isolation between filaments at the strand ends. Bridging between filaments at the strand ends would effectively reduce the apparent matrix resistivity.
V. CONCLUSION
We report a technology demonstration program to examine near term feasibility of miniature MgB 2 CICCs for use in low AC loss armature windings for high-speed rotating electric machinery. Production of a 1 m long CICC prototype using surrogate stainless steel strand was performed to examine manufacturability. AC loss calculations revealed that eddy current losses in the stainless steel jacket were not negligible as was initially assumed. Rather than test a complete CICC sample, we performed AC loss measurements in the CAPS helium flow calorimeter for a sample containing ninety MgB 2 triplets. The measured AC loss power was roughly an order of magnitude higher than expected.
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